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Solar cell efficiency table
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Solar cell efficiency table
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Application of solar cells

Transport

Artificial Satellite

Power Station

Streetlight
Exploration
Robot

Portable Electric Device
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Solar radiation and basic device parameters
 Solar radiation
Solar radiation follows the Plank radiation spectrum from the surface of the sun with a
source temperature of about 5800K plus modification due to various factors such as absorption
by the atmosphere.
The illumination is given in
AMX (air mass X) where
X

1
cos 

Eq. (15.6.1)

and θ is the angle between

the zenith and the position of
the sun under terrestrial
conditions.
Figure (a) and (b). The solar radiation spectrum for various conditions.

Air mass 0 (AM0) : When the solar irradiation above the earth’s atmosphere. (153.3 mW/cm2 or 1.353 kW/m2)
Air mass 1 (AM1) : When the sun is directly overhead and 70% of the sunlight incident on the earth’s
atmosphere reaches the earth’s surface on a clear day.
Air mass 1.5 (AM1.5) : When the sun is at 48.19o from the zenith.
Air mass 2 (AM2) : When the sun is at 60 from the zenith .
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Solar radiation and basic device parameters
 Ideal conversion efficiency
The current versus the bias voltage of a p-n junction in the presence of light illumination is
the same as what we have derived for a photodiode,





I  I 0 e qV / k BT  1  I ph

Eq. (15.6.2)

Left figure shows the current-voltage curve
without illumination

with illumination

with and without the optical illumination.
Open circuit voltage is

V0C 

 I ph 
ln 
 1
q
 I0


k BT

Eq. (15.6.3)

Short circuit current is I   I sc

Figure. The current-voltage curves of a p-n junction solar

I sc  I ph

Eq. (15.6.4)

cell with and without optical illumination.
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Solar radiation and basic device parameters
 Ideal conversion efficiency
The maximum power output occurs at an operation point M on the I-V curve such that

M  I mVm is maximum, which is delivered to a properly matched load resistance R.
The operation point M can be obtained by finding the maximum value of the output electrical power

 





P  IV  I 0 e qV / k BT  1  I ph V
Eq. (15.6.5)
without illumination

which is simply obtained by setting the
with illumination

derivative of the above power with respect to

the voltage to zero.
The fill factor (FF) or the curve factor (CF)
is defined as the ratio
FF 
Figure. The current-voltage curves of a p-n junction solar
cell with and without optical illumination.

Vm I m
Voc I sc

Eq. (15.6.6)

The ideal conversion efficiency is

Popt : the incident optical power (W) on the solar cell surface.



Vm I m Voc I sc

FF
Popt
Popt

Eq. (15.6.7)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
Figure (a) shows the schematics of an n-on-p solar cell,
where the solar light illumination is from the top surface
with an antireflection coating to improve photon
collection, and the electrode fingers are for current

collection.

Figure (a) Schematic of an n-on-p solar cell.

Figure (b) shows the a one-dimensional model for the
analysis of the p-n junction: Wn is the thickness of the nregion; the total depletion width is xw  x p  xn
The figure also indicates one diffusion length of the

minority carrier (Lp and Ln) on each side of the depletion
region.
Boundaries at the two edges of the depletion region are
Figure (b) A one-dimensional model for the
analysis of the p-n junction.

x j  Wn  xn ,

x j  xw  Wn  x p
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
Figure (c) shows the generation rate of electron-hole
pairs as a function of the optical penetration distance into
the semiconductor p-n junction. The generation rate of
electron-hole pairs is proportional to the optical intensity
profile in the device

G( x,  )  G0e ( ) x

G0  i [1  R( )]( ) ( )

Figure (c) The generation rate of electron-hole
pairs, G(x), as a function of the optical
penetration distance into the p-n junction.

Eq. (15.6.8)

where α is the absorption spectrum,( )  I opt /  is the
optical flux density for an incident optical power
intensity

I opt ( w / cm 2 )

, and i is the intrinsic quantum efficiency to

account for the average number (100% maximum) of
electron-hole pairs generated per incident photon.
Figure (d) shows the energy band diagram and the quasiFermi levels for a small forward bias voltage (defined as
Figure (d) The energy band diagram and the
quasi-Fermi levels for a small forward bias
voltage.

positive for the p-electrode).
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
To obtain the I-V curve of a p-n junction solar cells, the key steps are essentially the same as those
for photodiodes.
1. Find the minority carrier density in the quasi-neutral region of the n and p region in the

presence of optical illumination with an incident photon flux (optical intensity) at a given
wavelength λ for the given generation rate G ( x,  ). The major equations are the diffusion
equations in the presence of carrier generation. The carrier densities or current densities have
to satisfy the required boundary conditions.

2. Calculate the minority current density at the edge of the depletion region, that is, J p ( ) at
x  x j ( Wn  xn ) on the n-side, and J n ( ) at x  x j  xw the p-side, where x w is the
depletion width.
3. Calculate the contribution due to the drift current density due to optical generation in the

depletion region J dr ( )

J dr ( )  q 

x j  xw

xj

G0e x dx

 qi [1  R( )]( )e

x j

(1  e xw )

Eq. (15.6.9)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
4.

The total current density for an incident photon flux at a given wavelength is

J ( )  J p ( )  J n ( )  J dr ( )
5.

The spectral response is defined as

S R ( ) 

6.

Eq. (15.6.10)

J ( )
q[1  R( )]( )

Eq. (15.6.11)

The total photocurrent is obtained by integrating the product of the transmitted photon flux

into the solar cell and the spectral response to the maximum wavelength m
m

J ph ( )  q  [1  R( )]( ) S R ( )d
0

Eq. (15.6.12)

In the quasi-neutral region of the n-side, 0  x  x j ( Wn  xn )

2
1
1

p


p


G ( x,  )
n
n
2
x 2
D
Lp
p

Eq. (15.6.13)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
The solution for the excess minority (hole) concentration is

 x  xj
pn ( x)  A cosh 
 Lp

C


 x  xj
  B sinh 

 L

 p


  Ce x



G0 p

Eq. (15.6.14b)

(1   L p )
2

Eq. (15.6.14a)

2

where C comes from the particular solution due to the inhomogeneous source term. The two
constants, A and B, are determined by the two boundary conditions.
1. At x  x j , the excess carrier density vanishes, that is,

pn ( x j )  pn 0 (e qV / k T  1) (= 0, at V = 0)
B

Eq. (15.6.15)

The above boundary condition determines

A  Ce

x j

Eq. (15.6.16)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
1. At x  0 , the hole current density (flowing into the surface) satisfies the surface recombination
current density,  J p (0)  qS ppn (0) , which gives

Dp

d
 pn
dx

x 0

 S ppn (0)

Eq. (15.6.17)

The above boundary condition then determines B.
The final current density J p ( ) is given by the hole current density at the edge of the depletion
regions, J p ( x  x j ) , which is

J p ( )  qD p

d
 pn
dx

x x j

Eq. (15.6.18)

Similarly, in the quasi-neutral region of the p-side, x j  xw  x  Wp  Wn  H

2
1
1

n


n


G ( x,  )
p
p
2
x 2
D
Ln
n

Eq. (15.6.19)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
The solution for the excess minority (electron) concentration is

 x  x j  xw 
 x  x j  xw 
  B sinh 
  C e x
Ln
Ln





n p ( x)  A cosh 
C 

G0 n
2
(1   2 Ln )

Eq. (15.6.20a)

Eq. (15.6.20b)

The two constants, A and B , are determined by the two boundary conditions.

1. At

x  x j  xw , the excess carrier density is given by the condition
n p ( x j  xw )  n p 0 (e qV / k T  1) (= 0 at V = 0)
B

Eq. (15.6.21)

we obtain
 ( x j  xw )


A  C e

Eq. (15.6.22)
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p-n junction solar cells and spectral response
 p-n junction solar cells and spectral response
2. At

x  Wp  Wn  H, the electron current density flowing into the surface satisfies the

surface recombination current density:

J n ( H )  (q)Snn p (,H )

which leads to

Dn

d
 np
dx

xH

  S nn p (H )

Eq. (15.6.23)

The above boundary condition on the current density determines B.
The final electron current density J n ( ) is given by its value at the edge of the depletion region,
J n ( x  x j  xw ) , which is

J n ( )  qDn

d
 np
dx

x  x j  xw

Eq. (15.6.24)

Following the above procedures, the total photocurrent in the presence of the broad solar light
radiation is to integrate the spectral response with the transmitted photon flux for a given bias
voltage. V. Therefore, the general I-V curve of a p-n junction solar cell can be obtained.
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p-n junction solar cells and spectral response
 Back-surface field (BSF) solar cells
By adding a heavily doped p+-layer between

the collecting metal contact and the p-region.
Figure (a) shows a schematic of a BSF solar cell.
The back-surface filed solar cells improve the
short-circuit current and the open-circuit voltage.
Figure (b) and (c) shows the energy band diagram
and a simple plot of the collection efficiency of
each region, respectively.

The BSF cell helps confine the electrons more in
the p-region due to the extra p+-barrier and is
similar to a cell of a larger width with a small
surface electron recombination velocity.

⇒ The photocurrent is therefore enhanced.
The open circuit voltage is increased due to the
extra barrier caused by p+-doping, the increased
Figure (a) A back surface field solar cell. (b) The energy band
diagram. (c) A plot of the collection efficiency of each region
of a solar cell with and without a back surface field.

short-circuit current, and the reduced (electron)

surface recombination current.
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p-n junction solar cells and spectral response
 I-V curves and equivalent circuit
Figure (a) and (b) show the equivalent circuit of a
solar cell and the I-V curve in the presence of
shunt (Rsh) and series (Rs) resistances.

An ideal solar cell assumes that the shunt
resistance is infinity and the series resistance is
zero, and the conversion efficiency has a larger
maximum value than otherwise.
When either the shunt resistance is not infinity
or the series resistance is not zero, the I-V curve
is shifted toward the origin and conversion

efficiency is reduced, as shown in Fig. (b).

I  I 0 (e q (V  IRS / k BT  1)  I ph 
Figure (a) The equivalent circuit of a solar cell. (b) The I-V
curve in the presence of shunt (Rsh) and series (Rs) resistances.
In an ideal solar cell, the shunt resistance is infinity and the
series resistance is zero.

V  IRS
Rsh
Eq. (15.6.25)
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Quantum-well and multijunction solar cells
 Quantum-well solar cells
By placing multiple quantum wells (MQW) in the intrinsic
region of a p-i-n structure, it is possible to realize solar cells
with improved quantum efficiency. (See left figure)
It is important to maintain the built-in field across the MQW
region such that the photogenerated carriers in the quantum
Figure. A multiple quantum-well (MQW) solar cell in
a P-I-N structure. The intrinsic region contains many
quantum wells for enhanced absorption.

wells can escape to the barriers and get collected by the p-n

junction at room temperature. There is some voltage loss.

Figure shows the theoretical spectral response of a P-i-N

quantum well solar cell with contributions from the P, I,
and N regions respectively and compares that with
experimental data.
Figure. The spectral response of a p-i-n quantum -well
solar cell with contributions from the p, I, and n regions
separately and comparison with experimental data.
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Quantum-well and multijunction solar cells
 Quantum-well solar cells
Figure shows the comparison of three samples with differences
only in the intrinsic region:
with 30
quantum wells

- All three samples have the same total thickness in the
intrinsic layer except that the reference sample (G947) has a

with a single
quantum well
reference sample

bulk AlGaAs (no quantum wells)

- sample G949 contains a single quantum well replacing an
equivalent thickness of AlGaAs
- sample G946 has 30 quantum well region due to 1 and 30
quantum wells below the band edge of the reference sample

Figure. The comparison of three samples with difference
only in the intrinsic region

(with only the barrier AlGaAs material without any quantum
well).

Theoretical analyses on the improvement in spectral absorption, open circuit voltage, short-circuit
current, and conversion efficiency have been investigated and debated intensively since the early
1990s.
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Quantum-well and multijunction solar cells
 Multijunction solar cells
In recent years, terrestrial concentrator multijunction III-V solar cells have shown remarkable

performance in conversion efficiency. Conversion efficiencies beyond 40% has been realized using
metamorphic GaInP/GaInAs/Ge multijunction solar cells. As a result, there is a resurgence of research
in multijunction cells and commercial interest in concentrator III-V photovoltaics. New materials
incorporating nitride (III-N-V) have potential applications in next-generation multijunction solar cells
because these materials can be lattice-matched to substrate such as Si, Ge, and GaAs, with band gaps
that are complementary to those of other III-V compound semiconductors. However, poor minority
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carrier transport in III-N-V materials is a critical research issue.
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Quantum-well and multijunction solar cells
 Multijunction solar cells
Fig. (a) shows the schematic for the electron-hole generation
rate as a function of optical depth into the multijunction
solar cell from the top wide band gap into the bottom
narrow and gap region.

Fig. (b) shows the generation rate per unit volume of the
electron-hole pairs, which is proportional to the optical

intensity that decays into the solar cell depth.

Fig. (c) shows the absorption spectra of all three band gaps. The

absorption of the solar radiation spectrum by different band
gap layers allows for the conversion of more photons into
electron and hole pairs.
Figure. (a) The schematics for the electron-hole generation rate as a function of optical depth
into the multijunction solar cell from the top wide band gap into the bottom narrow band gap
region. (b) The generation rate of electron-hole pairs is proportional to the optical intensity,
which decays as a function of position x. (c) The absorption spectra of the three band gaps.
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Advanced Multiple junction solar cells
UIUC (2014)
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Thin-film solar cells

-

Flexibility
Lightweight
Low absorption efficiency
Difficult to form microstructures

Refractive index
Absorption length
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trapping(1)
in thin-film solar cells
DeviceLight
applications
: Thin-film crystalline silicon (c-Si) solar cells
Thin-film c-Si solar cells
: Low-cost photovoltaic applications (compared to thick silicon)
: Thin absorption region  low cell efficiency
Conventional
Proposed structure
structure
Single or multi-layer
antireflection coatings (ARCs)

Silicon SWS
Period (Λ)

nair
Height (h)

nSi(h)

Crystalline Silicon
(2um)

Crystalline Silicon
(2um)

nSi

Al back reflector

Al back reflector

nAl

-AR properties only specific
wavelength ranges
-Material selection problem
-Thermal mismatch

GIST, Opt. Lett. 35, 276 (2010)
-Broadband and omnidirectional antireflection properties
-Improved cell efficiency
-No need additional materials

Light trapping
in thin-film
Reflectance
calculations
of c-Sisolar
solarcells
cells with
different surface structures
(a) Flat
surface

100

Al back reflector

(b) Single layer ARC (SiNx)
Crystalline
Silicon (2um)
Al back reflector

(c) Double layer ARC (ZnS/MgF2)

Reflectance (%)

Crystalline
Silicon (2um)

80

Flat surface
Single layer ARC
Double layer ARC
SWS

60
40
20

Crystalline
Silicon (2um)

0
300 400 500 600 700 800 900 1000 1100 1200

Al back reflector

Wavelength (nm)

(d) Silicon SWS
400nm
400nm
Crystalline
Silicon (2um)
Al back reflector

-Ripple patterns occur due to the interference of each layers
- Excellent broadband antireflection properties compared to
single and double ARCs

trapping
infor
thin-film
solar cells efficiency
EffectsLight
of cone
period
high-absorption
in thin-film solar cells
Absorption efficiency calculation
Silicon SWGs

1200

Period (Λ) :
100~1200nm

Absorption
Efficiency

1000

400nm

< 20%
28%
36%
44%
52%
60%
68%
76%
84%
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Crystalline Silicon
(2um)
Al back reflector

Refractive
index
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800

600

400

200

Absorption
length

400

600

800

1000

1200

Wavelength [nm]
These phenomena can be explained by the fact that the reflection minima are shifted
towards a higher wavelength region as the period increases.

Light trapping in thin-film solar cells

  J scVoc  f / Pin
Jsc : short-circuit current density
Voc : open-circuit voltage,
 f : filling factor,
Pin : total incident power under
AM1.5 solar spectrum.
85% collection efficiency and 5%
shadowing effect from the
electrode was used.
The overall integral of the
absorption spectrum is carried out
over the wavelength range of 3001200 nm to obtain the short-circuit
current density.

Cell Efficiency (%)

Cell efficiency calculation

20

8 um thickness

18

5 um thickness

16
2 um thickness

14

25.1%

12
10
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Double ARC

600

700

800

Period (nm)
The maximum cell efficiency of 2, 5, and 8
um-thick solar cells was 14.36%, 18.44%,
and 20.42%, respectively, corresponding to
the period of 400 nm.

S. M. Sze, Physics of semiconductor devices 2nd ed., (NJ, Wiely, 1981), chap. 14.
L. C. Kimerling et. al., IEEE Trans. Electron Devices 54, 1926 (2007)

Geometrical optimizations of silicon SWG structures
Effect on period and height of SWG
structures

Preliminary fabrication results
on silicon substrate
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Light trapping in thin-film solar cells
University of Science and Technology of China (2015)
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Light trapping in thin-film solar cells
MIT (2008)
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Luminescent materials
UIUC (2011)
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Luminescent materials
GIST (2016)
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Introduction
Photonic structure on solar cell for energy harvesting
Transferring Grating Patterned PDMS
onto Solar Module

Solar cell array

Broadband wavelength
light diffraction

Un-used light
Inactive area
(Spacing)

1D Grating

Solution

III-V solar cell

“ Light &Transferrable ”
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Optical simulation
1D diffraction grating for broadband spectrum
 Zeroth order transmittance
AM 1.5G, normal incidence

w
h
p
PDMS

Width (w), Height (h), Period (p)
𝑤
Filling fraction (FF) = 𝑝

0th order transmittance (%)

Un-polarized light
100

Experiment
Simulation

1500

Design for 1D Grating structure
 Optimized in solar spectrum
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based on AM 1.5G condition
 Broadband light diffraction
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0
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Wavelength (nm)

 E-field distribution
Wavelength= 500, 1000, 1500 nm
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0

E-field distribution: Diffraction grating

-20

 Grating region: Diffracted light and reduced
Min
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 Active region : Enhanced light intensity.

-60
-80
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light intensity below grating region.
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40-40
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Fabrication method
PDMS replica molding technique
1. Silicon grating master mold

Oxidation

Grating
patterning

2. PDMS curing and demolding

Etching of Si

PDMS Spin coating

Period (nm)
1000

1400

PDMS Demolding

Grating
patterned PDMS

Period (nm)
1800

1000

1400

1800

2 μm

1 μm

3. Transferring Grating PDMS

Cost effective process &
Scalable fabrication !
1 cm

35

Experimental results
Grating PDMS light diffraction
 Diffraction angle & Efficiency
p1000 nm

635

p1800 nm
40

1

λ = 500 nm

20

Diffraction efficiency (%)

532

1st order diffraction angle (°)

Wavelength (nm)

450

40

p1400 nm

2

20

0

0
450

532

635

Wavelength (nm)

450

532

635

Wavelength (nm)

1st order diffraction angle & diffraction efficiency
 Simulation and experimental results

: Narrow diffraction angle & High diffraction efficiency with increasing period.
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Experimental results
Solar cell J-V characteristics

AM 1.5G, 1 sun, Normal incidence
θ
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ELG layer
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TJ solar cell
Rear metal
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η
Jsc
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η (%)

Current density (mA/cm2)
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24

16

15

10
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20
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60

Incident angle, θ (°)

Improved conversion efficiency
Jsc : 12.19  13.41 mA/cm2, 10 % ↑
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Question or Comment?

